The conserved ATPase, PCH-2/TRIP13, is required during both the spindle checkpoint and 20 meiotic prophase. However, it's specific role in regulating meiotic homolog pairing, synapsis and 21 recombination has been enigmatic. Here, we report that this enzyme is required to proofread 22 meiotic homolog interactions. We generated a mutant version of PCH-2 in C. elegans that binds 23 ATP but cannot hydrolyze it: pch-2 E253Q . In vitro, this mutant binds its substrates but is unable to 24 remodel them. This mutation results in non-homologous synapsis and loss of crossover 25 assurance. Surprisingly, worms with a null mutation in PCH-2's adapter protein, CMT-1, the 26 ortholog of p31 comet , localize PCH-2 to meiotic chromosomes, exhibit non-homologous synapsis 27 and lose crossover assurance. The similarity in phenotypes between cmt-1 and pch-2 E253Q 28 mutants indicate that PCH-2 can bind its meiotic substrates in the absence of in 29 contrast to its role during the spindle checkpoint, but requires its adapter to hydrolyze ATP and 30 remodel them. 31
synapsis, homologous chromosomes exhibit stable pairing of PC, but not non-PC, ends of 115 chromosomes [32] . We monitor synapsis-independent pairing at PC sites by performing 116 immunofluorescence against HIM-8, which binds PCs of X chromosomes [33] (Figure 2B) . A 117 single focus of HIM-8 indicates paired X chromosomes while two foci indicate unpaired X 118 chromosomes. When we image stained germlines, we divide germlines into six equal sized 119 zones (see cartoon in Figure 2A ). Because meiotic nuclei are arranged spatiotemporally in the 120 germline, this allows us to assess pairing as a function of meiotic progression. 121 122 syp-1 mutants initiate pairing in zone 2, maintain pairing at the X chromosome PC in zones 3,4 123 and 5 and destabilize pairing in zone 6 ( Figure 2C ). pch-2 E253Q ;syp-1 double mutants also 124 initiate PC pairing in zone 2 but have significantly fewer nuclei with paired HIM-8 signals than 125 syp-1 single mutants. In later zones, pch-2 E253Q ;syp-1 mutants more closely resemble syp-1 126 single mutants. Thus pch-2 E253Q ;syp-1 mutants delay pairing at PCs, consistent with our model 127 that PCH-2 proofreads homolog pairing intermediates: If pch-2 E253Q mutants "trap" incorrect 128 pairing intermediates, between non-homologous chromosomes, for example, this would delay 129 accurate pairing between homologous chromosomes. 130 7 of HTP-3 devoid of SYP-1 are unsynapsed (see arrows in Figure 3A ). We evaluated the 136 percentage of nuclei that had completed synapsis as a function of meiotic progression (Figure 137 3B) . In contrast, to our analysis of pairing, synapsis in pch-2 E253Q mutants was accelerated, 138 similar to pch-2D mutants [27]: More nuclei had completely synapsed chromosome when 139 synapsis initiates in zone 3 in pch-2 E253Q mutants than control germlines ( Figure 3B ). In contrast 140
to pch-2D mutants [27] , pch-2 E253Q mutants did not exhibit defects in SC disassembly in zone 6 141 ( Figure 3B ). 142 143 We reasoned that the delay in pairing, combined with the acceleration in synapsis, raised the 144 possibility that these events, which are typically coupled, had been uncoupled. To test this 145 possibility, we evaluated whether non-homologous synapsis occurs in pch-2 E253Q mutants. We 146 stained pch-2 E253Q mutants with antibodies against SC components HTP-3 and SYP-1 to 147 evaluate synapsis and HIM-8 to assess pairing. All nuclei in wildtype animals and most nuclei in 148 pch-2 E253Q mutants exhibited homologous synapsis (uncircled nuclei in Figure 3C ). However, we 149 identified meiotic nuclei in which all chromosomes were synapsed but contained two HIM-8 foci, 150 indicating these chromosomes had synapsed with non-homologous partners (circled nuclei in 151 Figure 3C ). We also observed non-homologous synapsis when we monitored pairing of 152 autosomes using antibodies against ZIM-1 and ZIM-2, proteins that bind autosomal PCs [34] 153 (data not shown). When we quantified this defect, we detected non-homologous synapsis of X 154 chromosomes in 3% of meiotic nuclei (data not shown). Since C. elegans have six pairs of 155 homologous chromosomes, it's possible that as many as 18% of meiotic nuclei have at least 156 one pair of chromosomes undergoing non-homologous synapsis in pch-2 E253Q mutants. 157 158 pch-2 E253Q mutants lose crossover assurance 159 we monitor the appearance and disappearance of RAD-51 from meiotic chromosomes as a 162 function of meiotic progression ( Figure 4A ). RAD-51 is required for all meiotic DNA repair in C. 163 elegans [35] . Its appearance on chromosomes signals the formation of double strand breaks 164 (DSBs) that need to be repaired (see zones 3 and 4 in wildtype in Figure 4B ) and its 165 disappearance indicates the entry of DSBs into a DNA repair pathway (see zones 5 and 6 in 166 wildtype in Figure 4B ) [36] . The appearance and disappearance of RAD-51 on meiotic 167 chromosomes in pch-2 E253Q mutants was indistinguishable from that in wildtype in zones 1-4. In 168 zone 5, we detected fewer RAD-51 foci, suggesting that meiotic DNA repair may occur slightly 169 more rapidly in pch-2 E253Q mutants. However, this acceleration is less severe than what we 170 observe in pch-2D mutants [27] . 171
172
We assayed crossover formation in pch-2 E253Q mutants by visualizing GFP::COSA-1 foci 173 formation in late meiotic prophase. GFP::COSA-1 cytologically marks putative crossovers and 174 its appearance as robust foci is mechanistically associated with the process of crossover 175 designation [37] . Almost all nuclei in wildtype worms have six GFP::COSA-1 foci per nucleus, 176 one per homolog pair ( Figure 4C , top, and 4D) [37] . In contrast, pch-2 E253Q mutants have a 177 greater number of nuclei with less than six GFP::COSA-1 foci, indicating a defect in crossover 178 assurance ( Figure 4C , bottom, and 4D). Given the in vitro behavior of the PCH-2 E253Q hexamer 179
[30], this phenotype is likely because inappropriate crossover intermediates are stabilized at the 180 expense of appropriate ones. Alternatively, these meiotic nuclei may result from the non-181 homologous synapsis we also observe in this mutant background. However, we do not observe 182 a delay in meiotic DNA repair in pch-2 E253Q mutants ( Figure 4B ). Further, pch-2 E253Q mutants do 183 not activate feedback mechanisms, as visualized by the extension of DSB-1 on meiotic 9 CMT-1 is required for the synapsis checkpoint 187 188 During the spindle checkpoint, PCH-2 requires the presence of an adapter protein, CMT-1 189 (p31 comet in mammalian cells), to bind and remodel a HORMAD protein required for the spindle 190 checkpoint response, Mad2 [30, 40, 41] . Based on a recent report that the rice ortholog of 1 is an SC component and required for pairing, synapsis and double strand break formation 192
[42], we tested whether cmt-1 had a role in meiotic prophase by assessing whether it was 193 required for meiotic prophase checkpoints in C. elegans. We introduced a null mutation of cmt-1 194 into syp-1 mutants. The absence of SC in syp-1 mutants results in unsynapsed chromosomes, 195 which activate very high levels of germline apoptosis in response to both the synapsis and the 196 DNA damage checkpoint [43] ( Figure 5A ). cmt-1 single mutants have wildtype levels of 197 apoptosis ( Figure 5B ). In contrast to syp-1 single mutants, syp-1;cmt-1 double mutants had 198 intermediate levels of germline apoptosis ( Figure 5B ), indicating that CMT-1 is required for 199 either the synapsis or DNA damage checkpoint. To distinguish between these two checkpoints, 200 we use spo-11; syp-1 double mutants, which do not generate double strand breaks [44] . As a 201 result, these double mutants do not activate the DNA damage checkpoint ( Figure 5A ) and 202 produce an intermediate level of apoptosis ( Figure 5B ). [43] . When we generate cmt-1; spo-11; 203 syp-1 triple mutants, we observe wildtype levels of apoptosis, similar to cmt-1 single mutants 204 ( Figure 5B ). Therefore, CMT-1 is required to activate apoptosis in response to the synapsis 205 checkpoint, similar to pch-2D mutants. 206 207 cmt-1 mutants phenotypically resemble pch-2 E253Q mutants 208 209 Based on the requirement for CMT-1 in the synapsis checkpoint, we assessed pairing, 210 synapsis, meiotic DNA repair and crossover formation in cmt-1 mutants. Similar to our analysis 211 of pch-2 E253Q mutants, pairing was delayed in cmt-1;syp-1 double mutants ( Figure 6A ) and 212 required for DSB formation, DSB-1 ( Figure S1 ), closely resembled that of wildtype germlines. In 217 addition, crossover assurance was reduced ( Figure S2B ). These data indicate that, unlike with 218 Mad2, PCH-2 can bind its meiotic substrates effectively in the absence of CMT-1 but CMT-1 is 219 required for PCH-2's hydrolysis of ATP. Consistent with this interpretation, pch-2 E253Q ;cmt-1 220 double mutants have a similar frequency of non-homologous synapsis and nuclei with less than 221 six GFP::COSA-1 foci as either single mutant (data not shown). Further, since cmt-1 mutants 222 result in meiotic phenotypes distinct from those we reported for spindle checkpoint mutants [45] , 223 specifically non-homologous synapsis, CMT-1's role in meiotic prophase is independent of its 224 regulation of Mad2. 225 226
Non-homologous synapsis in cmt-1 mutants relies on PCH-2 227 228
We previously showed that CMT-1 is required for PCH-2 to localize to mitotic chromosomes 229 during the spindle checkpoint [46] . We tested whether this was also true during meiotic 230 prophase and found that CMT-1 was dispensable for PCH-2's localization to meiotic 231 chromosomes ( Figure 7A ). Consistent with CMT-1 being required for PCH-2's hydrolysis of ATP 232 and release of substrates, we observed that PCH-2 stayed on meiotic chromosomes slightly 233 longer than in wildtype germlines ( Figure 7C ). 234 235 During mitotic divisions in the C. elegans embryo, loss of CMT-1 partially suppresses the 236 spindle checkpoint defect observed in pch-2 mutants [46] . Since PCH-2 ensures availability of 237 the inactive conformer of Mad2 so that it can be converted to the active one during checkpoint 238 activation [47, 48] , we hypothesize that this genetic interaction results because loss of CMT-1 239 makes more inactive Mad2 available. In this way, PCH-2 and CMT-1 would control the spindle 240 checkpoint by regulating available, soluble pools of inactive and active Mad2. We wondered if 241 there was a similar relationship between PCH-2 and CMT-1 in meiotic prophase. To test this, 242
we generated pch-2D;cmt-1 double mutants and assayed non-homologous synapsis. Unlike 243 cmt-1 single mutants and similar to pch-2D mutants, we did not detect non-homologous 244 synapsis in pch-2D;cmt-1 double mutants. Thus, PCH-2 is epistatic to CMT-1 during meiosis, at 245 least in the context of non-homologous synapsis, supporting our interpretation that PCH-2 can 246 bind its meiotic substrates independent of CMT-1 and suggesting that some of PCH-2's 247 regulation of its meiotic substrates occurs directly on chromosomes. 248 249 Discussion 250
251
In vitro, PCH-2 E253Q protein binds ATP and its spindle checkpoint substrate, Mad2, but fails to 252 remodel it, due to an inability to hydrolyze ATP [30] . Here, we show that the meiotic phenotypes 253 observed in pch-2 E253Q mutants are consistent with a role for PCH-2 in disassembling 254 inappropriate pairing, synapsis and crossover recombination intermediates in C. elegans, 255 resulting in non-homologous synapsis ( Figure 3C ) and a loss of crossover assurance (Figure  256 4D). The effect we observe on these meiotic prophase events seems limited, affecting a small 257 proportion of nuclei, but this may reflect either the inherent fidelity of these processes or the 258 existence of redundant mechanisms that contribute to fidelity. Further, a role for PCH-2 in 259 proofreading may be more apparent in situations in which homolog interactions are more 260 challenging. Indeed, PCH-2's involvement in the interchromosomal effect [49] , in which 261 chromosome rearrangements affect crossover control on other chromosomes, supports this possibility. Nevertheless, our results demonstrate that PCH-2 proofreads interactions between 263 homologous chromosomes to ensure that they are correct. 264
265
We were surprised to see that cmt-1 mutants localized PCH-2 to meiotic chromosomes ( Figure  266   7) , unlike what we observe during the spindle checkpoint response [46] , and closely resembled 267 pch-2 E253Q mutants in exhibiting non-homologous synapsis and a loss of crossover assurance 268 ( Figures 6 and S2) . These data indicate that PCH-2 is competent to binds its proposed meiotic 269 substrates, meiotic HORMADs, in the absence of CMT-1 but that CMT-1 promotes PCH-2's 270 ATPase activity and ability to remodel these substrates. This is unlike its role in the spindle 271 checkpoint, in which CMT-1/p31 comet is essential for PCH-2 to bind its substrate, Mad2 [30, 40, 272 41, 50] . This difference raises the possibility that the interaction between PCH-2 and meiotic 273
HORMADs during their remodeling is substantially different than that with Mad2. This 274 hypothesis is supported by the findings that budding yeast, in which Pch2 was originally 275 identified [51], does not have a CMT-1/p31 comet ortholog [52, 53] and budding yeast Pch2 can 276 directly interact with and remodel the budding yeast meiotic HORMAD, Hop1, in vitro [3] . 277
278
The PCH-2/HORMAD genetic module is evolutionarily ancient, having been identified as 279 operons in several bacteria [54] , suggesting that this pair of proteins has been co-opted to 280 function in multiple molecular contexts. While we can easily detect an interaction between PCH-281 2 and CMT-1, and CMT-1 and Mad2, by two-hybrid experiments [46], we have not been able to 282 observe a similar interaction between PCH-2 or CMT-1 and any of the four meiotic HORMADs 283 present in C. elegans, HTP-3, HIM-3, HTP-1 and HTP-2 (data not shown), making it difficult to 284 identify what regions of these proteins are required to interact with PCH-2. Genetic mutations, 285 combined with cytological analysis, seems the most straightforward way, at least in C. elegans, 286 to understand whether and how PCH-2 and meiotic HORMADs interact to regulate meiotic 287 pairing, synapsis and recombination.
Materials and Methods 290 291
Genetics and worm strains 292
The C. elegans Bristol N2 [55] was used as the wild-type strain. All strains were maintained at 293 20°C under standard conditions unless otherwise stated. Mutations and rearrangements used 294 were as follows: 295
LG I: cmt-1(ok2879) 296
LG II: pch-2(blt5), meIs8 [Ppie-1::GFP::cosa-1 + unc-119(+)] 297
LG IV: spo-11(ok79), nT1 [unc-?(n754) 
let-?(m435)] (IV, V), nTI [qIs51] 298
LG V: syp-1(me17), bcIs39 [lim-7p::ced-1::GFP + lin-15(+)] 299
The pch-2(blt5) allele, referred to as pch-2 E253Q , was created by CRISPR-mediated genomic 300 editing as described in [28, 29] . pDD162 was mutagenized using Q5 mutagenesis (New 301
England Biolabs) and oligos GTTTTTGTTCTTATCGACGGTTTTAGAGCTAGAAATAGCAAGT 302 and CAAGACATCTCGCAATAGG. The resulting plasmid was sequenced and two different 303 correct clones (50ng/ul total) were mixed with pRF4 (100ng/ul) and the repair oligo 304 CTCGTTCAAAAAATGTTCGATCAAATTGATGAACTAGCTGAAGATGAGAAGTGCATGGTTTT 305 TGTGCTCATCGACCAAGTTTGATTTTTTTAAAAAACAATTTTTCTGGTTTTCATCAGTTTTTAT 306 GTCAGGTTGAAT (30ng/ul). Wildtype worms were picked as L4s, allowed to age 15-20 hours 307 at 20°C and injected with the described mix. Worms that produced rolling progeny were 308 identified and F1 rollers, as well as their wildtype siblings, were placed on plates seeded with 309 OP50, 1-2 rollers per plate and 6-8 non-rolling siblings per plate, and allowed to produce 310 progeny. PCR and Bsp1286I digestions were performed on these F1s to identify worms that 311 contained the mutant allele and individual F2s were picked to identify mutant homozygotes. worms at least three times and analyzed to determine whether they produced the same mutant 314 phenotype. 315 316 Scoring of germline apoptosis was performed as previously described in [43] with the following 317 exceptions. L4 hermaphrodites were allowed to age for 22 hours. They were then mounted 318 under coverslips on 1.5% agarose pads containing 0.2mM levamisole and scored. A minimum 319 of twenty-five germlines was analyzed for each genotype. Timecourse of the average number of RAD-51 foci per nucleus in wildtype and pch-2 E253Q 571 mutant germlines. C. Images of meiotic nuclei stained with DAPI and antibodies against GFP. 572 D. Percentage of nuclei with less than six GFP::COSA-1 foci in wildtype animals and pch-2 E253Q 573 mutants. 574 Giacopazzi, et. al. Figure S2 
